In recent years, extensive research has been carried out on red blood cells in order to investigate their mechanical properties. The interest in these studies has been possible thanks to the technological innovations made in the field of micro or nano manipulation of biological and non-biological particles without physical contact. In the present project, we have developed a new approach to study the deformation of red blood cells moving against a trapped microbead by applying a sinusoidal voltage (DC offset 3.5 Vpp) to the stage at 0.4 Hz frequencies. The oscillating movement imposed on the stage highlights the indentation test and the tensile test known for the study of mechanical behavior of materials. The mechanical properties found are: the modulus of elasticity (Young Modulus), the shear modulus, the coefficient of hardening and erythrocyte resistance coefficient. The axial shear modulus 25.00 ± 1.5 μN/m and the transversal shear modulus 15.7 ± 4.63 μN/m were compared to those in the literature. These values were respectively determined by Hooke's law and the Hertz model.
major factor determining the flow properties of the blood as well as an important factor in regulating blood circulation [5] . The reduction of red cell deformability increases the blood viscosity and reduces oxygen transport to organs and tissues. And due to the remarkable property of its membrane (elasticity), and its biconcave form, the red blood cell reaches through capillaries without being altered in order to regain its original shape. However, some diseases such as malaria, cancer and sickle cell anemia affect this property causing malfunction of the organism [3] . These infections are accompanied by profound changes in the mechanical properties of the infected red blood cells, contributing to reduced blood flow in the microcirculation. Several studies have been conducted to determine modulus elasticity [6] [7] . The study of the elasticity of red blood cells is a very promising field of research for the diagnosis of certain diseases such as cancer and malaria. Among these technological innovations, the optical tweezers are an essential tool for the manipulation of nanoparticles. This has been demonstrated by several publications in the field of manipulation of small and relatively transparent particles using optical tweezers after the first reports by Arthur Ashkin [8] [9] . The success of optical tweezers is largely supported by the high quality of the fundamental work already existing in the fields of physics, biochemistry and biology [10] [11] . Therefore, it is of paramount importance to continue developing new approaches for determining the mechanical properties of red blood cells through the optical tweezers.
In the proposed method, the red blood cells are first deformed and then stretched out by applying a sinusoidal voltage to the stage. The originality of this work is the realization of the indentation and tensile tests through a microbead to study the mechanical property of red blood cell. The implementation of this method does not require special arrangement. There are a few reports using optical tweezers on human red blood cells, in particular the work done by Guillaume Lenormand [12] . This researcher determined the elasticity of red blood cells by attaching two microbeads on the membrane of the cell. By applying two forces on the microbead the elasticity of the human red blood cell was calculated and the values underestimated with respect to those obtained when using aspiration by micropipette. It should be noted that in this previous reported experiment special setups are needed and the microbead adhere irreversibly to the membrane. In our approach, there is no need of any special arrangement to study the elasticity of the red blood cells.
Material and Methods

Experimental Setup
As part of this work we have used a photonic microscope according to an inverse microscope configuration from the kit of the optical tweezers of Thorlabs [13] as shown in Figure 1 . This device is equipped with a near infrared laser diode collected by an immersion air condenser (Nikon 10X, NA 0.25, WD 7) which conveys the signal to the photodiode quadrant detector QPD (Thorlabs, PDQ80A, detector size 7.8 mm). We have coupled the device with a digital oscilloscope and a Low-Frequency Generator (GFL), the signal produced by the photodiode is first amplified by an amplifier. The movement of the micro-particles is observed through a CCD camera (Thorlabs DCU224C). The lamella is placed on a manual three axes translation plate which can be moved with greater precision by a piezoelectric controller along these three axes. This device comprises in its interior two movable mirrors that can guide the beam and two semi-reflective dichroic mirrors. The sample illumination is provided by a LED white source.
Sample Preparation Protocol
We collected 0.5 μl of blood and 0.4 µl of bead of diameter 2 µm in a 5 ml saline solution.
Experimental Implementations
This method consists of trapping a microbead, and creating a contact between the microbeads already trapped and a moving red blood cell. We applying a sinusoidal voltage (DC offset 3.5 Vpp) using a function generator on the stage along the Oz axis (the oscillation frequency is 4 Hz). Then we increased the laser power while recording the residual diameter of the red blood cell. The sinusoidal oscillation applied to the stage along the Oz axis is responsible for the indentation. When both microbead and erythrocyte are in the same plane, the blood cell tend to substitute to the microbead in the trapped causing its deformation. The pressure is released when the red blood is moved up or down together with the oscillation.
Data Acquisition Method
Data were acquired by video microscopy. This method of acquisition provides further information to calculate the strength and the stiffness constant. It consists of recording the bead trapped as well as the red blood cell trying to enter the trap. The different displacement along the Oz axis HD of the microbead in the trap were analyzed by Image J software after the calibration of the CCD camera.
These different positions of the microbead allowed determining the stiffness throughout the equipartition theorem given by the following equation:
where B K is the Boltzmann constant and T the temperature.
Then the Hooke's law was used to calculate the force exerted by the bead on the red blood cell.
where HD is the displacement of the microbead along the Oz axis. After determining the force along Oz and Ox axis, the modulus of elasticity through the tensile and the indentation tests can be determined.
Modulus of Elasticity Measurement
The Tensile Method
The red blood cell is initially deformed by the trap as the consequence of the radiation stress distribution. After the deformation of the red blood cell, it is unconstrained and the trapped is moved to the microbead; a contact is created between the trapped microbeads and the moving deformed red blood cell. The application of the sinusoidal voltage to the stage along the Oz axis led the red blood cell to tensile stress by indentation. The initial diameter or width lo represent the red blood cells (Figure 2(a) ) prior to the application of the sinusoidal voltage and l is the width of the blood cell after application of the sinusoidal voltage (Figure 2(b) ). As the laser power is increased, the diameter l of the red blood cell is stretched and subsequently recorded. Transversal width of red blood cell increases and the longitudinal length of red blood cell decreases (Figure 2(b) ).
And the representation of the conventional tensile diagram, constraint σ to the deformation e are respectively defined by: Figure 2 . Illustration of the tensile: (a) deformation of red blood cell (l 0 : initial width) and (b) stretching of red blood cell (l: width of stretching).
where 0 S is the surface of red blood cell. These Equations (4) and (5) allow us to determine the red blood cell elasticity modulus as well as the rational diagram of tensile diagram which is the true stress σ taking into account the variation of the section during the test, according to the true strain ε defined respectively by:
Through the tensile test the Poisson's ratio may be determine according to the following relationship:
The Conventional Indentation Method
The study of material behavior requires knowledge the mechanical properties of the surfaces in contact. The indentation test allows easy estimation of the elastic, plastic and viscoelastic properties of materials in contact at microscopic scale.
The main properties measured are the hardness and the modulus of elasticity of the material. In Figure 3 , we describe the principle of this technique which is based on moving the red cell membrane against a trapped bead (or indenter).
The driving height (He) is determined according to the Formula [14] .
( )
where D and d are respectively, the diameter of the bead and the remaining diameter indenter.
This method determines the Brinell hardness: 
Then we can deduce the Brinell hardness according to the formula below:
And the modulus of elasticity through the Hertz model is given by the Equation [15] .
( ) ( ) ( )
where R is the radius of the microbead and F the force along the Ox axis. The limit of elasticity could be taken equal to the proportional limit. This yield point is also calculated directly from the convention curve (Figure 4(a) ) of the point B.
Results and Discussion
( ) 
A loss of linearity is observed in the so-called plastic range (BC). There is a change from the elastic region to the plastic area because in the elastic region the variation is small, it exhibits a proportionality between the deformation and the stress contrary to the plastic area. 
Therefore, the graph of the Figure 4 (b) fits well with the Equation (15) . It may be noted that there is no difference between the conventional diagram and rational diagram (Figure 4(a) ) in the elastic range since the deformation is low.
In contrast, in the domain of the plastic deformation of rational diagram curve takes a parabolic shape (Figure 4(b) ). The range (BD) of the rational curve diagram can be put in a mathematical form. The formula used is Hollomon equation:
where n the coefficient of work hardening (strain hardening factor) or consolidation defines the ability of red blood cell to deform by expanding and distributing the deformation. As shown in Figure 2 , we found that during the test, the red blood cell deformed gradually resumed the spherical shape and that as the applied force intensified the deformation was small in the area of plasticity, which might lead us to think about the phenomenon of hemolysis of the point D. And k is the coefficient of resistance of the red blood cell. , which is in agreement with the theory of [16] 3 e HB σ ≅ (18) and confirms the reliability of this new approach.
Determination of Strain Hardening Exponent
The elasticity obtained by the tensile is tensile 12.85 0.9 Pa E ± this value is approximately twice that obtained by indentation ( ) respectively. As the microbead is firmly attached, it exerts a force on the red blood cell which attempts to penetrate into the trap, taking into account the principle of action and reaction, the red blood cell also exerts a force on the microbead. Therefore, when the red blood cell attached to the microbead, the remaining diameter indenter of microbeads increases at elastic area, which explains the increase the enforcement diameter of the red blood cell at discharge.
Because the red blood cell exerts a heavy load on the microbead in order to place itself in the center of the trap. And consequently, this explains the high values of moduli of elasticity obtained. It should also be pointed out that the axial force is much greater than the transverse force because the oscillatory movement takes place along the Oz axis. Indeed, regarding the Poisson's ratio we can also compare our result of 0.41 ± 0.01 with 0.4999 of Lingyao Yu et al. [20] and with 0.5
of Rancourt-Grenier [21] .
Conclusion
Through this approach we have been able to demonstrate two tests which are indentation and tensile in order to obtain a wide range of mechanical properties of the red blood cell. Such us elasticity, shear modules, hardness, resistance coefficient we find that this approach can be use to determine the mechanical property of biology cells. This method is simple to carry out; getting the red blood cell and microbead to be in contact doesn't require any special arrangement neither for the preparation of the microbeads nor for the preparation of the red blood cell. Compared with the values obtained by the method of tensile and that of the indentation which are in accordance with the theories available, and also with respect to those of the literature, we can state that our approach is suitable for the mechanical properties of biological studies.
